Reclaimed water was discharged into the Yongding River channels as ecological water. Pollutants from such water may leak into the underlying aquifer and put the groundwater environment at risk. River leakage estimation under different possible river lining conditions and the established groundwater flow and reactive solute transport model were jointly applied to investigate the impact of the ecological restoration of the Yongding River on the local groundwater environment. Scenario-based investigations were conducted since the channel reconstruction in 2009. The results show that the seepage from the Yongding River without liners can greatly raise the groundwater level. Leakage through liners constructed with geomembranes can effectively control the seepage of water and the spread of solutes in the aquifer.
In 2009, the Beijing Water Authority approved the project of Yongding River Green Ecological Corridor, which seeks to ensure water ecosystem services to advance socioeconomic conditions to improve urban livability (Beijing Water Authority, 2009 ). Because of continuous reductions of streamflow in the upstream reach of Yongding River, 128 million m 3 yr −1 of reclaimed water from wastewater treatment plants serves as a major source of surface water replenishment (Beijing Water Authority, 2009; Jiang et al., 2014) . Leakage of reclaimed water from the Yongding River after the project of ecological restoration was launched may, however, cause groundwater pollution. Our study area, the western suburbs of Beijing, is located in the major recharge area of the Beijing Plain . Seepage-proof liners were installed on the riverbed to reduce river leakage and maintain the aquatic environment of the river. It is necessary to study the quantity and quality of the river leakage, and the groundwater environmental response to the ecological restoration of this river, so as to take precautions against future groundwater pollution.
River leakage is normally an important source of groundwater recharge in semiarid and arid areas. Complex hydrological processes occurring in heterogeneous vadose zones make it challenging to estimate the recharge rate. Accurate estimation of leakage through the vadose zone has been the focus of numerous studies (Wang et al., 2015; Dun et al., 2014) . Seepage-proof liners installed on riverbeds of the Yongding River increase the heterogeneity of originally multilayered vadose zone and make it even more challenging to estimate the river seepage rate, as low-permeability liners exaggerate the difference in permeability from the lower vadose zone. Various methods for estimating groundwater recharge have been systematically introduced by Healy (2010) . However, a lot of them may not be suitable for estimating rates of groundwater recharge in this study. For example, measurements of the groundwater and surface water level fluctuation are the most direct approach, but long-term monitoring data are unavailable. Chemical and heat tracer methods are considered effective for estimating groundwater recharge such as Cl − , F − , and SO 4 2− (Huang and Pang, 2011; Lin et al., 2013; Zhai et al., 2013) . However, there may be additional anthropogenic sources of them. Water balance analysis is a conventional method to estimate recharge, but errors involved in the quantification of evaporation loss and the variation of water storage may lead to uncertainties when calculating river leakage (Oudin et al., 2010) . Modeling provides an opportunity to estimate recharge rates in vadose zones. Some other numerical models, such as HYDRUS (Šimůnek et al., 2009), MODFLOW (McDonald and Harbaugh, 1996) , and FEFLOW (Diem et al., 2014) are able to simulate saturated-unsaturated flow with water interaction between river and aquifer. Specifically, these tools have been applied in calculating stream seepage even under layered soils. It is commonly noted that the simulation approaches require detailed hydraulic parameters, which are difficult to obtain in practice. Sampling heterogeneous soils in deep vadose zones is costly and technically difficult (Botros et al., 2012) . The method of minimum flux in the saturation layer (MFSL) proposed by Mao and Shang (2010) , which can deal with the complexity of the multilayer soil characteristics provides a convenient tool for the estimation of the seepage rate in such a multilayered soil system. Here we adopt the MFSL method to evaluate the recharge rate through the multilayered vadose zone beneath the Yongding River . This study aimed to develop a conceptual framework to estimate river leakage through a deep vadose zone and its impact on groundwater environment based on a case study at the Yongding River, Beijing. In the companion paper (Hu et al., 2018) , the groundwater flow and reactive solute transport model in the upper and middle of the YRAF has been established. In this paper, the river leakage estimation based on MFSL method and the established groundwater model are jointly applied to investigate the groundwater response to the possible future scenarios after the river supplemented with reclaimed water and the river channels paved by liners. The specific purpose of this study is to predict the responses of the local groundwater environment of the YRAF to the ecological restoration of the Yongding River, including groundwater head distribution, migration of solutes released from the Yongding River, and water budget with seepage-proof measures under future potential management strategies. The results may help decision makers cope with alternative courses of action and ensure sustainable water management of the local areas.
Materials and Methods

Study Area
The YRAF is located in the western suburb of the Beijing plain, China (Fig. 1) . The study area is in a typical continental semiarid climate zone, with a mean annual precipitation of 563 mm , mainly in the period from June to September. The average annual evaporation is 1182 mm . Land cover within the study area is primarily dominated by urbanization, followed by a small proportion of dry lands, croplands, forest lands, and grasslands.
The main geological units identified in the YRAF are gravel and sand. The Quaternary deposits range from tens to more than 500 m, which are underlain by Paleozoic and Mesozoic sedimentary rocks forming impermeable bottom of aquifers (Fig. 3 in Hu et al., 2018) .
The Yongding River is the main river in this area. Four connected lakes in the study area-Mencheng Lake, Lianshi Lake, Xiaoyue Lake, and Wanping Lake-were constructed along dried-up river channels of the Yongding River, with a total channel length of 37 km and channel area of 6.8 km 2 (Fig. 1) . To accurately estimate the seepage loss rates, lithologic characteristics of the vadose zone beneath the river channel were generalized by three borehole groups of drilling borehole logs (Table 1) . Eleven boreholes were drilled at three sites to represent the lithology from north to south along the river channel. The hydrogeological crosssections of two sites (five boreholes for each) were obtained (Fig. 2) .
Estimation of Groundwater Recharge Rate
The river stage in each segment of the Yongding River was intended to remain constant by the manager. River water depth ranges from 2 to 4 m in different river sections. To make the best use of rainfall, less reclaimed water is discharged into the river during rainy seasons, while more reclaimed water is discharged into the river during dry seasons. Periodically steady state water loading is attained.
It has been suggested that lithofacies and depth have the most significant control on the flow rate and concentration distribution in deep vadose zones (Botros et al., 2012; Yin et al., 2016) . Large-scale heterogeneity between hydrogeologic layers is more important than small-scale heterogeneity within each layer for simulating tracer transport (Botros et al., 2012 , Pan et al., 2009 ). Thus, each hydrogeologic layer was assigned to be homogenous with soil hydraulic parameters treated as constant deterministic values within each layer.
Liners have been widely used as impervious layers in rivers, canals, landfill sites, and constructed wetlands to guard against water loss, soil erosion, and groundwater pollution. Two types of vertical seepage control measures, namely ecological lining and geotechnical membranes, were alternatives of the barrier layer during the project planning period. The ecological liner is comprised of bentonite and silt loam, with hydraulic conductivity 4.8 ´ 10 −4 m d −1 and a thickness of 6 mm. The geomembranes are 0.9 mm thick with hydraulic conductivity 1 ´ 10 −9 m d −1 . As the liners installed on the riverbed are the major control of leakage, deep drainage is quite small. In the long term, a quasi steady state of water contents and matrix potentials can be approached (Dyck et al., 2003) . Three prevention measures of seepage of the Yongding River were investigated, including no liner (NL), ecological liner (EL), and geomembrane liner (GL). For the NL condition, the riverbed was assumed to remain undisturbed and the reclaimed water in the Yongding River directly leached into the deeper vadose zone. This hypothetical scenario was conducted to compare with the conditions with barriers installation on the riverbed, in which the artificial barriers and the underlying vadose zones form distinctly layered structures with a thin fine-textured layer and a thick coarse-textured underlying layer.
The river leakage under three seepage-proof measures was estimated by the MFSL method. The principle of the MFSL method and detailed calculation steps are described in Mao and Shang (2010) . The MFSL method was applied in estimating recharge rate of the Yongding River in our previous study . Table 2 lists the estimated steady recharge rates of each river segment, which will serve as source input for the groundwater flow model in the further prediction.
Concentration of Typical Pollutants in the Leachate
The pollutant concentration may be buffered in the vadose zone and what reaches groundwater is a significant indicator of groundwater quality. Here we focus on the typical components in reclaimed water and groundwater, including reactive solutes NH 4 + and NO 3 − and a conservative solute Cl − (Yu et al., 2017 tion of 172 mg L −1 were applied as the corresponding river water concentrations after the ecological restoration project was launched. The NH 4 + adsorption and nitrification were considered during reclaimed water transport through vadose zone. Denitrification was not considered in the deep vadose zone, as NO 3 − concentration increased by 10 to 50% when reclaimed water leached through the 2-m height unsaturated soil column in previous laboratory experiment (Hu et al., 2014) . The result indicated that denitrification as the main cause for lowering NO 3 − concentration in leachate was not the main process, while nitrification can be predominant process controlling NO 3 − in the vadose zone (Hu et al., 2014) .
Some other reactions affecting nitrogen transformation may also exist during the nitrogen transformation in vadose zone such as ammonification, cation exchange, and other reactions. Cation exchange was not considered in the study because NH 4 + in riverbed soils was below the detection limit (<1.25 mg kg −1 ) indicating that little NH 4 + remained in the cation exchanger. Ammonification was not considered because of a lack of organic nitrogen data. Even if there was ammonification occurring in the unsaturated zone, ammonification could only cause a small increase of N concentration compared with the result of nitrification as reported by DeSimone and Howes (1998) . The three solutes leach through the vadose zone and reach groundwater. Considering layered characters of the local vadose zone, the concentrations of pollutants moving through each layer were predicted by the one-dimensional reactive advection-dispersion equation (Spiteri et al., 2007) :
where j refers to species j, j = 1, 2, 3…; C j is the concentration of the jth species (mol L −1 ); t is time (s); z is distance (m); v is the average pore velocity across the cross-section of the soil column (m s −1 );
where D e is the effective diffusion coefficient (m 2 s −1 ) and a L is the dispersivity (m); and r j is the source-sink term of the jth species (mol L −1 s −1 ). At the interfaces between layers, the following relationship (Zhou and Selim 2001) exists for each pollutant:
where the subscripts top and sub signify the top layer and sublayer, respectively; q is the inflow rate, that is, the recharge rate (m s −1 ); q is the water content (cm 3 cm −3 ); and L 1 is the position of the interface between the two layers.
To identify the reactions occurring in the vadose zone and evaluate the leachate concentration of each pollutant, large soil column experiments and simulation were conducted (Hu et al., 2014) . In this previous study, related transport parameters, such as a L and D L , and reaction parameters of NH 4 + adsorption and nitrification have been obtained by fitting observed and simulated data. These results provide a base for estimating typical pollutant concentrations at the groundwater-vadose zone interface. Considering the scale difference between the 2-m-height soil column and the thick vadose zones of 30 to 67 m, the transport parameters were adapted based on both large soil column experiments and in situ experiments. For the coarse-textured soils, the a L of 8 m was obtained from the tracer test by injecting Br − into the aquifer at borehole FT-3 of Borehole Group 2, which is characterized by sand gravels (Lin et al., 2011) . As the a L is normally higher under saturated flow condition than unsaturated flow condition (Vanderborght and Vereecken, 2007) , the a L of sand gravel in vadose zones was set with relative small values ranging from 0.5 to 1 m for the thickness of 22 m at Borehole Group 2. These values of a L are within the reported range for gravels (Schulze-Makuch, 2005) . For the 29.2-m thickness sand gravel at Borehole Group 1, the a L was set with a larger range (0.5-2 m), considering that a L is positively associated with travel distance (Schulze-Makuch, 2005; Fernàndez-Garcia and Gómez-Hernández, 2007) . For the relatively fine-textured soils, the a L of sandy soils from riverbed is 0.08 m estimated from a 2-m-long soil column experiment (Hu et al., 2014) . The a L of loamy sand was thus assigned with two scopes, that is, 0.05 to 0.3 m and 0.2 to 0.5 m for medium sand considering the value increasing with transport distance and experimental scale (Vanderborght and Vereecken, 2007) . The possible variation ranges of water content are given empirically in Table 1 . The ranges of first-order coefficients of NH 4 + adsorption and nitrification were obtained from the soil column experiments and literatures (Starr et al., 1974; Wang and Gu, 2002) . Sensitivity analysis was conducted to assess the sensitivity of the modeled concentrations at the groundwater-vadose zone interface to the model parameters. For each parameter, four values within the range were chosen and, in total, 64 numerical experiments were conducted using PHREEQC-2 (Parkhurst and Appelo, 1999 and Cl − concentration of 220 mg L −1 for the water quality deterioration condition will serve as source terms of the groundwater system in the following scenario prediction.
Simulation Framework
The estimated recharge rate in each segment of the Yongding River by using the MFSL method and the concentrations of NO 3 − , NH 4 + , and Cl − predicted by the reactive advection-dispersion equation (Eq.
[1]) were assigned as source terms in the established groundwater flow and reactive solute transport model. Besides adsorption of NH 4 + and nitrification, denitrification was also considered in the groundwater system (Hu et al., 2018) . Transient simulations were then performed to quantify the effects of river leakage on the local groundwater environment after liners were installed on the riverbed of the Yongding River.
Scenario Design
To investigate the responses of the local groundwater behavior to different liner installations on the riverbed after the reclaimed water was discharged into Yongding River, scenarios concerning seepage control effects of different liners, water management strategies, possible disadvantage conditions, and natural characters of local aquifer were conducted.
In Scenario 1 (S1), the spatial and temporal variations of both groundwater level and concentration distributions of typical pollutants after the reclaimed water being discharged into the Yongding River were simulated under three lining conditions of the riverbed: NL (S1a), EL (S1b), and GL (S1c) conditions. The simulation period is from June 2009 to December 2010. The groundwater level and solute concentration distributions before the ecological restore project launched (S0) will serve as a contrast. For each river segment, the river leakage varies among the three lining conditions, while the concentration of each pollutant in the river water keeps the same under the same water quality condition.
It is reported that the groundwater exploitation in the study area is unsustainable (Cao et al., 2013) . Several effective and feasible approaches have been conducted to mitigate groundwater depletion, such as the South-to-North Water Diversion (SNWD) project, managed aquifer recharge, and utilization of brackish water (Cao et al., 2013; Zhou et al., 2016) . The middle route project of SNWD was completed on November 2014. This project aims to provide 1 ´ 10 9 m 3 of water to Beijing per year (Liu and Zuo, 2009) . It is expected that groundwater withdrawals in the study area can be reduced, and continuous decline of groundwater level can be mitigated. In Scenario 2 (S2), the amount of groundwater exploitation was assumed to decrease by 30% from June 2009 until November 2025 and the other conditions stayed the same. The groundwater level and solute concentrations under the geomembrane-lined conditions were simulated. The condition of 30% reduction of groundwater abstraction (S2a) was compared with the current groundwater pumping condition (S2b).
The Geotechnical lining was chosen to be paved on the Yongding River to maintain the ecological water in river channels, considering its low permeability. However, geomembranes may degrade and crack after long-term exposure, and, as a result, the seepage proof effect will be weakened. Furthermore, the reclaimed water quality may not meet the quality requirement because of improperly treated reclaimed water or possible deterioration of water quality during transport. A comprehensive adverse condition considering both liner damage and water quality deterioration was simulated. In Scenario 3 (S3), geomembranes were assumed to work well until 2020, and two levels of damage were assigned from 2025 to 2030 with the equivalent hydraulic conductivity as 1 ´ 10 −6 m d −1 under the damage condition (S3a) and 1 ´ 10 −9 m d −1 under the normal condition (S3b). The predicted pollutant concentrations of water quality deterioration condition were applied in the S3.
River flood influence was not conducted as a single scenario, as the leakage rate with broken geomembranes on the riverbed is even two orders of magnitude higher than that with normal liners in the flood condition according to our pervious study . Furthermore, the leakage rates from the Yongding River with designed water levels were of the same order of magnitude as those under the flood condition for each lining condition.
The above scenarios focus on the possible impacts of human activities on the groundwater recharge from river ecological restoration. Uncertainties originated from intrinsic characteristics of the groundwater system also influence the groundwater recharge. The hydraulic conductivity of an aquifer governs the subsurface flow velocity, range, and plume dispersion and yet has potentially large uncertainty. In Scenario 4 (S4), an important parameter in the flow system, horizontal hydraulic conductivity (K xy ), was set to decrease and increase by 10, 30, and 50%, respectively, based on the settings in S1c condition. As the Yongding River is close to the western border horizontal boundaries, the groundwater recharge can be sensitive to horizontal boundary conditions. The western and northwestern boundaries receive mountain front recharge, which is commonly estimated by Darcy's law, water balance approach, and other empirical techniques. The uncertainties in the estimated recharge fluxes may lead to the uncertainties of groundwater model. In Scenario 5 (S5), lateral inflow from west and northwest was adapted to different levels to evaluate the impact of uncertainties of boundary conditions on simulated results. Based on the spatially varied Dirichlet boundaries of the established groundwater model in S1c condition, the hydraulic heads along the western and northwestern boundaries were regulated to decrease and increase by 10, 20, 30, and 50%, respectively.
Results
Scenario Prediction
Impact of Different Liners Figure 1 shows that the groundwater level distributions vary among the three liner paving conditions. As shown in Fig. 1a , the groundwater depression cone disappears within the northern part if no prevention measures of seepage are provided on the riverbed. The groundwater heads obviously increase, especially in the middle part of the river, where the coarse-grained vadose zone sediments, characterized by high permeability, allow a large amount of leakage. The western lateral boundaries switch from inflow to outflow as a result of the increase of river leakage. The river leakage during the simulation period can reach 2.64 ´ 10 10 m 3 (Table 3) , which is too large for the Yongding River to provide. This predicted result underscores the necessity of lining installation on the riverbed so as to maintain the scenic water in Yongding River.
Under the ecological lining condition (Fig. 3b) , river leakage accounts for the majority of groundwater recharge. The groundwater levels near the river are significantly higher than that under geomembrane lined condition (Fig. 3c) , and the annual river leakage is four orders of magnitude larger than the geomembrane condition. This is because ecological lining is more permeable than geomembranes. Thus, more reclaimed water in the river percolates through the vadose zone and reaches the groundwater in the former condition.
Comparing Fig. 3c with Fig. 3d , there is no significant difference of the groundwater head distribution between the geomembranes installation condition and predevelopment condition. The river leakage under the geomembrane-lined condition increased by only 1.65 ´ 10 4 m 3 during the simulation period compared with the predevelopment condition (Table 3) . This is because geomembranes of low permeability paved on riverbeds largely control the river leakage. This result indicates that geomembranes can effectively prevent reclaimed water leakage from the Yongding River. Therefore, the ecological water can be retained in river channels and the pollution risk of the local groundwater environment can be decreased.
It can be seen from Fig. 4 that the leachate plume of Cl − impacts the close vicinity of the Yongding River with the riverbed lined by geomembranes, while the Cl − plume can extend to watersupply wells with the riverbed installed by ELs. The concentration of leachate Cl − from the river is about 30 mg L −1 higher than that in ambient groundwater, suggesting the reclaimed water leakage could contaminate local groundwater. However, the background Cl − concentration in the south-central area, where a few landfill sites are located, exhibits even higher level than that in the leakage. This result implies that the ecological rehabilitation of the Yongding River can reduce groundwater pollution in Cl − concentrated area by dilution in a long term.
The temporal variations of groundwater heads under four liner conditions at observation well No. 4 are shown in Fig. 5a . The groundwater level increased sharply and reached unrealistic high level under the S1a condition. The groundwater levels remained almost the same under S1c and S1d conditions. The groundwater levels under the ecological lining condition increased from 33.4 to 52.9 m during the simulation period. As the concentrations of Cl − and NO 3 − in the river channel are lower than the background concentrations in the groundwater, the time-varied concentration curves show decreasing trend in Fig. 5b and 5d . The sharp decrease of concentration corresponds to the sharp increase of leakage amount from the river channel. As shown in Fig. 5c , the NH 4 + concentration increased rapidly as soon as the supplemental water seeped down into the groundwater and reached the maximum of 0.17 mg L −1 within 2 mo under S1a condition, which was caused by the much higher introduced NH 4 + concentration than the NH 4 + concentration in ambient groundwater. The consumption of NH 4 + by adsorption and nitrification may explain the slightly decreasing trend under S1a conditions. The NH 4 + concentration also rose under S1b conditions but lagged behind that in S1a conditions as a result of the relatively slow replenishment rate of groundwater in the former condition. The overlap of two curves obtained from S1c and S0 conditions ( Fig. 5a-d ) again indicates that the ecological restoration with geomembranes paved on the Yongding River may pose little impact on the local groundwater environment.
Impact of Water Management Strategies
The groundwater heads increase in all the three conditions after the water management strategies are conducted. It can be seen from Fig. 6 that the groundwater levels near the groundwater funnel in the northwest of the study area are higher in the S2a condition than the S2b condition. Fig. 7 shows that both wells No. 3 and No. 4 present higher groundwater level under S2a condition than with S2b condition, and the effect of reducing groundwater abstraction is more obvious at well No. 3 than No. 4. The result indicates that the reduction of groundwater extraction help alleviate the water deficit of the YRAF.
The Cl − concentration distribution shows little difference between the two conditions (Fig. 6c,d ). The Cl − from the Yongding River can reach the eastern boundary of the study area after 15 yr of the water management strategies being conducted. The result suggests that geomembrane liners can greatly reduce leakage from the Yongding River and increase groundwater level. However, the Ecological lining (S1b) 9.89 ´ 10 8 9.74 ´ 10 8
Geomenbranes (S1c) 1.65 ´ 10 4 −4.55 ´ 10 7
Pre-development (S0) 0 −4.62 ´ 10 7 pollutants contained in the river can leach into the groundwater and affect most of the study area by dispersion and diffusion. As seen in Fig. 7 , the concentrations of each solute under scenarios S2a and S2b at the observation well No. 4 almost overlap after the year of 2014. At the observation well No. 3, the concentrations obtained from the scenarios S2a and S2b conditions also tend to converge.
Impact of Adverse Events
The S1 and S2 scenario results show that geomembranes can reduce leakage effectively under normal conditions. However, water quality deterioration and liner damage may pose risks to the local groundwater environment. To compare the river leakage of pollutants under the adverse conditions with that under normal conditions, the mass load to the groundwater can be calculated by the following equation:
where C is the pollutant concentration leaching from the Yongding River (mg L −1 ), Q is the seepage from the river (m 3 yr −1 ), and W is the annual mass load of the pollutant (kg yr −1 ).
The seepage amount from the Yongding River increased 1.1 ´ 10 7 m 3 yr −1 under the condition of damaged riverbed lining (S3a) compared with that under the S3b condition and resulted in the rise of groundwater levels as shown in Fig. 8 . Accordingly, if the reclaimed water in the Yongding River does not meet the water quality standard, 2.44 ´ 10 6 kg additional Cl − , 8.8 ´ 10 3 kg additional NH 4 + , and 3.85 ´ 10 5 kg additional NO 3 − can leach into the groundwater in the S3a condition. The concentrations of 
Impact of Horizontal Hydraulic Conductivity
The groundwater level increased with the increase of K xy at the observation well No. 3, while the increase of K xy accelerated the decline in groundwater level at the observation well No. 4 (Fig. 9) . Fifty percent variation in K xy can cause 21% variation in groundwater level at most. The effect of K xy variation on solute concentrations is basically in accordance with that on groundwater level because of the control of flow velocity in advection. However, the variation range is small in solute concentrations, compared with groundwater level, except concentrations of NH 4 + and NO 3 − at the well No. 4 under the condition of K xy increase by 50%. The reason may be that high flow velocity (50% increase of K xy ) leads to introduced high concentration of NH 4 + and NO 3 − arriving at the observation well No. 4 quickly.
Impact of Horizontal Boundary
The observation well No. 3 is not affected by the variation of boundary in the S5 condition (Fig. 10) 6 Discussion
Water Budget
The Yongding River had dried up before the ecological restoration was launched, so there was no leakage from the river in the S0 condition. After the Yongding River was paved by geomembranes and replenished by reclaimed water as the scenic water (S1c), the river leakage could recharge the groundwater slightly while the groundwater system will keep budget deficit (Table 3) . It can be inferred from the result that the S1c scheme may pose little impact on the local groundwater system from the point of water quantity. However, the groundwater system can change from a negative budget of 4.62 ´ 10 7 m 3 (S0) to a positive budget of 9.74 ´ 10 8 m 3 (S1b) if the river channel is paved with ELs. In S1a and S1b scenarios, river leakage prevails over precipitation as the largest contribution to groundwater recharge. For the hypothetical case of 
Effect of Related Reactions in the Vadose Zone on the Groundwater Environment
The river leakage as a source of groundwater recharge can alleviate the downward trend of groundwater heads to some extent. During the leakage process, physical and biochemical reactions occurring in the vadose zone may have a dual function on the fate of solutes in the reclaimed water, that is, some reactions can help remove pollutants, while some reactions may have negative effects on the local groundwater environment and should be considered carefully.
Ammonium can be removed by adsorption and nitrification in the vadose zone of the study area (Hu et al., 2014) . This in the groundwater even around landfill sites before reclaimed water was discharged into the Yongding River. Low permeability liners paved on the riverbed can prolong the contact time, leading to an increase of NH 4 + removal. Furthermore, the adsorption and nitrification occurring in the groundwater can also decrease NH 4 + concentration (Cheng, 2007 (Hu et al., 2014) . This implies that there is an elevated risk of NO 3 − pollution in groundwater. However, the background NO 3 − concentrations in the middle and southeastern part of the study area are three to six orders of magnitude larger than inflow NO 3 − concentration . In such areas, the leakage from the Yongding River could reduce NO 3 − concentration in groundwater by dilution.
Uncertainties in the Model
If the measured groundwater heads and solute concentrations after reclaimed water discharged into Yongding River are available, the direct calibration of the model frame can be conducted to improve the model accuracy. Unfortunately, these data are unavailable at present. During the model prediction, the estimation results of river leakage demonstrate that the hydraulic conductivity of liners is the dominant factor controlling leakage rates and leakage amount to the groundwater, which agrees with the result reported by Çelik et al. (2009) . Results of scenario analysis show that both human activities, such as paving liners on riverbeds and control of groundwater exploiting, and intrinsic characteristics of groundwater system, such as hydraulic conductivity and boundary conditions, impact the groundwater flow and transport processes. The groundwater system is more sensitive to the increase of intrinsic characteristics than to their decrease.
Conclusion
In this study, the groundwater flow and reactive solute transport simulation, together with the estimation of leachate concentrations through vadose zones, was applied to investigate the response of groundwater system to the ecological restoration of Yongding River. Considering the actual conditions of the project implementation and the future possibilities, a scenario-based analysis was conducted. The scenario settings include the performance of three lining conditions on preventing reclaimed water leaking into the groundwater, the effect of water resources management strategies, the impact of possible adverse conditions on the groundwater environment after the ecological restoration, and the influence of nature characters of the groundwater system on groundwater recharge.
The results of scenario analysis show that geomembranes installed on riverbeds can effectively control the river leakage, with the leakage amount as 1.65 ´ 10 4 m 3 from June 2009 to December 2010. Under the EL condition, the leakage from the Yongding River is estimated to be 9.89 ´ 10 8 m 3 . The groundwater system presents a negative budget of 4.55 ´ 10 7 m 3 under the GL condition while a positive budget of 9.74 ´ 10 8 m 3 under the EL condition. The river leakage from the Yongding River under the GL condition may pose little impact on the groundwater level compared with the predevelopment condition. Both the groundwater level and solute concentration distributions show temporal and spatial variations under different scenarios. The spreading extent of river leakage increases with the leakage amount. Under the GL condition, the typical solute leached from Yongding River can reach the eastern boundary of the study area after 15 yr of the water management strategies being conducted. Water management strategies and the Yongding River restoration could alleviate the water deficit of the YRAF. The adverse conditions highlight the necessity of maintenance of riverbed liners and control of water quality in the Yongding River. This paper shows uncertainties from the liners' permeability, boundary conditions, and hydraulic conductivities of aquifer can have significant impact on the model results in some areas.
This study helps understand and predict the effects of Yongding River ecological restoration on the local groundwater environment in the YRAF and enable the decision making to achieve sustainable water management. The established simulation frame provides a method to evaluate the seepage quantity from surface water bodies and the induced impacts on the local groundwater environment. The results can also provide a reference for the sustainable water management in the other similar areas. 
